Introduction
Antimicrobial peptides and proteins (AMP) are endogenous antibiotic mediators which are able to rapidly kill a wide diversity of microorganisms. The importance their presence and contact with a huge variety of microorganisms including commensals and potential pathogenic microbes.
Skin is a rich source of AMP and several human epithelial AMP have been isolated from skin extracts [11, 12] . Keratinocytes produce and release various AMP such as human ␤ -defensins, S100 proteins, protease inhibitors and the cathelicidin LL-37 [13, 14] . Another important family of human AMP comprises members of the ribonuclease A superfamily. This family comprises several members expressing antimicrobial activity and two of them, RNase 7 and RNase 5, are subject of this review regarding their potential role in cutaneous defense.
Antimicrobial Members of the Human RNase A Superfamily
The name RNase A superfamily is based on bovine pancreatic RNase, also called RNase A. Members of the RNase A superfamily share sequence and structural similarities with RNase A such as 6-8 conserved cysteine residues forming characteristic disulfide bridges as well as conserved histidines and a lysine in the active center catalyzing the ribonuclease activity [15] . An amino acid alignment of human members of the RNase A superfamily is shown in figure 1 . Thirteen human genes encoding for RNase 1-13 have been identified on chromosome 14q11.2 [16] . Besides ribonucleolytic activity, biological activities such as neurotoxicity, angiogenic activity and immunomodulatory activity have been reported, but the physiological role of these RNases is still emerging [15] .
Several members of the human RNase A superfamily have been associated with antimicrobial properties supporting the hypothesis that they may play a role in host defense. The first reports about a potential role of RNases in host defense came from studies about the human ribonucleases RNase 2 (eosinophil-derived neurotoxin) and RNase 3 (eosinophil cationic protein, ECP), which are both granule proteins of eosinophil granulocytes. Whereas eosinophil-derived neurotoxin has been associated only with antiviral activity, several studies have reported bactericidal, antiviral and antiparasitic activity of ECP [17, 18] .
RNase 8 has been identified by searching the human genome databank and Northern blot analysis of 12 tissues identified RNase 8 gene expression only in placenta [19] . Using recombinant material we could show that RNase 8 exhibits potent bactericidal activity in vitro against a broad spectrum of bacteria [20] . Our own unpublished analysis of RNase 8 gene expression in keratinocytes revealed only very low transcript levels at the detection limit of the real-time PCR, suggesting that RNase 8 may play no role in cutaneous defense.
Like RNase 8, the native protein of RNase 9 has not yet been isolated. However, recombinant RNase 9 has been shown to exhibit antimicrobial activity against Escherichia coli . Since RNase 9 seems to be predominantly expressed in the epididymis, its antimicrobial activity suggests a potential function in host defense of the male reproductive tract [21] .
RNase 5 and RNase 7 are two further antimicrobial members of the RNase A superfamily. Antimicrobial activity as well as expression in keratinocytes suggests that they participate in cutaneous defense. A detailed review of their antimicrobial characteristics and their potential role in skin defense is presented below. 
RNase 7
During analysis of skin-derived stratum corneum extracts for the presence of AMP we isolated a novel AMP which we termed RNase 7 [22] . At the same time Zhang et al. [23] identified RNase 7 through screening the human genome database. RNase 7 is a 14.5-kDa cationic AMP with distinct ribonuclease activity. Natural skinderived RNase 7 exhibits potent in vitro antimicrobial activity against various Gram-negative and Gram-positive bacteria such as E. coli , Pseudomonas aeruginosa , Staphylococcus aureus, Enterococcus faecium, Propionibacterium acnes and against the yeast Candida albicans [22, 24] . Notably, it is also active against multiresistant bacteria such as MRSA and vancomycin-resistant E. faecium [22] .
Since RNase 7 is able to degrade RNA the question arises whether its antimicrobial activity depends on its ribonuclease activity. Huang et al. [25] generated a ribonuclease-inactive recombinant RNase 7 through mutation of catalytic histidines and lysine. This ribonucleasedeficient mutant exhibited similar activity against P. aeruginosa as the wild-type suggesting that the activity of RNase 7 against P. aeruginosa requires no functional ribonuclease activity. In line with this observation we found no significant differences in killing activities compared to the wild-type when testing a recombinant ribonuclease-deficient mutant against E. faecium and E. coli [ 24 ; unpubl. data] . Similar results have also been reported for ECP. Recombinant ribonuclease-deficient ECP was similarly active against S. aureus as the corresponding wild type [26] . It has also been reported that RNase A-2 from the chicken Gallus gallus exhibited ribonucleaseindependent activity against E. coli [27] . Together, all these data indicate that the antibacterial activity of RNase 7 functions independently of the ribonuclease activity. However, it is an interesting question as to whether the enzymatic activity is in general indispensable for antimicrobial activity or whether the killing of individual microorganisms requires intact ribonuclease activity. In this regard it has been shown that the ribonuclease activity of eosinophil-derived neurotoxin is essential for its activity against respiratory syncytial virus [28] . The strong ribonuclease activity of RNase 7 suggests that it also might have ribonuclease-dependent antiviral activity, a hypothesis which remains to be investigated. Induction of RNase 7 gene expression upon infection of keratinocytes with dengue virus supports this hypothesis [29] .
The mechanism of the exact bactericidal action of RNase 7 is still emerging. First reports indicate that RNase 7 binds and permeabilizes the bacterial membrane [25, 30] . Membrane permeabilization requires four clustered lysine residues but no catalytic residues [25] . RNase 7 is able to bind to LPS with similar affinity as the known LPS-binding peptide polymyxin B. It also binds to peptidoglycan, the main component of the cell wall of Grampositive bacteria [31] . Scanning electron micrographs of E. coli and S. aureus treated with RNase 7 revealed the presence of local blebs on the bacterial cell surface and leakage assays demonstrated bacterial lysis upon RNase 7 treatment already after 1 and 2 h incubation of E. coli and S. aureus , respectively [31] . Lin et al. [32] reported that the binding of RNase 7 to the P. aeruginosa outer membrane protein I (OprI) is a prerequisite for its bactericidal action on P. aeruginosa . The activity of RNase 7 against P. aeruginosa was blocked by the addition of exogenous OprI or an anti-OprI antibody. These results indicate that the capacity to bind bacterial cell surface structures is a critical step in the bactericidal action of RNase 7. Further studies are necessary to decipher the exact bactericidal mechanism(s) of RNase 7 and to assess strain-dependent differences.
As mentioned above, RNase 7 has been originally isolated from stratum corneum skin extracts and an analysis of various tissues for RNase 7 transcript levels revealed the highest expression in skin, thus suggesting an important role of RNase 7 in cutaneous defense [22] . In addition, RNase 7 gene expression has also been detected in various other tissues, examples being the pharynx, tonsils and kidney. The functional relevance of RNase 7 in the kidney and the urinary tract has recently been shown through strong expression of RNase 7 detected in kidney and bladder tissue. Also, the antimicrobial activity of urine was decreased by addition of an RNase 7 neutralizing antibody [33] .
In skin, the highest expression of RNase 7 can be detected in the stratum corneum as shown by immunohistochemistry [24] . The highest RNase 7 expression in the outermost, more differentiated epidermal layers is in concordance with induced RNase 7 expression in cultured differentiated keratinocytes [34] . A real-time PCR analysis showed that primary keratinocytes expressed high transcript levels of RNase 7 when compared to other skinderived AMP such as human ␤ -defensin-2, psoriasin (S100 A7) and LL-37 [24] . In addition, an RT-PCR analysis of RNase 1 to RNase 8 gene expression in primary keratinocytes revealed expression of RNase 1, 4, 5 and 7, with the latter being the highest expressed [34] . ELISA analysis of cultured keratinocytes detected the majority of RNase 7 in the culture supernatants indicating that RNase 7 is secreted and functions primarily outside the cell, which is in concordance with its proposed role in cutaneous defense [24] . In line with these observations, ELISA analysis of washing fluids obtained from various human skin locations revealed the presence of RNase 7 [24] ( fig. 2 ) . Expression of RNase 7 has also been reported in hair follicle epithelium suggesting a role of RNase 7 in protecting the hair follicle against microbial invasion [35] .
The abundance of RNase 7 in the stratum corneum and in skin washing fluids suggests that it contributes to control of the growth of microorganisms on the skin surface. Corresponding to this hypothesis we could recently demonstrate the functional relevance of RNase 7 in controlling the growth of microorganisms on the skin surface. Incubation of stratum corneum extracts with an RNase 7-neutralizing antibody reduced the killing activity of the stratum corneum extracts against E. faecium [24] . Furthermore, application of an RNase 7-neutralizing antibody to the surface of skin explants enhanced the growth of applied S. aureus [36] . An important role of RNase 7 in protecting human skin from S. aureus infection has been further strengthened by an interesting observation made by Zanger et al. [37] . They found a significantly reduced RNase 7 gene expression in the unaffected skin of patients with S. aureus -positive skin infections.
Despite the relatively high baseline levels of RNase 7 in keratinocytes, its expression can be further induced. Stimuli for the upregulation of RNase 7 in keratinocytes are proinflammatory cytokines such as interleukin-1 ␤ [22, 38] , ultraviolet-B radiation [39] and bacteria such as P. aeruginosa [22] and S. aureus [36, 40] ( fig. 3 ) . Induction of RNase 7 was also seen in gingival epithelial cells simulated with biofilms of bacterial members of the oral flora [41, 42] . The inducibility of RNase 7 might be the reason for the increased expression seen in the chronic inflammatory skin disease psoriasis. We isolated higher amounts of RNase 7 from psoriatic scales compared to the stratum corneum of healthy donors [11] . In addition, immunohistochemistry as well as ELISA analysis of RNase 7 amounts present on the lesional and nonlesional psoriatic skin surface revealed an association of increased RNase 7 expression with psoriasis [43] . This is in line with other skinderived AMP such as human ␤ -defensin-2 and psoriasin, which are also upregulated in psoriatic skin [43, 44] . The increased expression of AMP in psoriasis may explain why cutaneous infections in psoriasis are unexpectedly rare despite the disturbed skin surface in psoriatic skin lesions [45] .
Atopic dermatitis is another chronic inflammatory skin disease where AMP have been extensively studied. Several publications found decreased expression of some AMP in atopic dermatitis skin as compared to psoriasis, suggesting that there is an expression defect of AMP in atopic dermatitis. This might be responsible for the increased susceptibility of atopic dermatitis patients to S. aureus infection [46, 47] . Subsequent studies revealed induced levels of AMP in atopic dermatitis, which were less pronounced when compared to psoriasis. However, by systematic analyses of atopic dermatitis skin with ageand sex-matched healthy skin samples from the same locations, a strong upregulation of gene and protein expression of several AMP including RNase 7 could be detected [43, 44] . Gambichler et al. [48] reported even higher RNase 7 gene expression in biopsies obtained from atopic dermatitis as compared to psoriasis. In addition, we were not able to detect a significant correlation of AMP expression and S. aureus colonization or disease severity of atopic dermatitis [43] . These data indicate that atopic dermatitis is not associated with a general induction defect of AMP. Clearly, further studies on the exact role of RNase 7 and other AMP in atopic dermatitis are needed.
RNase 5
RNase 5 was first named angiogenin because it was initially isolated as an angiogenic factor capable of inducing extensive blood vessel growth at low concentrations [49, 50] . Characterization of its amino acid sequence and its structure identified angiogenin as a member of the human RNase A superfamily. Compared to RNase 7, RNase 5 displays less ribonucleolytic activity, which is still needed for full angiogenic activity [49] .
Hooper et al. [51] reported that low micromolar concentrations of human RNase 5 exhibit antimicrobial activity against Streptococcus pneumoniae and the yeast C. albicans , while being ineffective against E. faecalis and Listeria monocytogenes . Contrasting results came from Avdeeva et al. [52] who reported a rather limited antimicrobial activity of RNase 5 against E. faecalis and L. monocytogenes , which was not higher than effects observed with bovine serum albumin alone. It is not clear whether differences in the used material are responsible for the contrasting data. Abtin et al. [34] could confirm activity of RNase 5 against C. albicans , but no activity was detected against the bacteria P. aeruginosa , E. coli , S. aureus (MRSA) or E. faecium . A potential explanation as to why RNase 5 does not have such a broad spectrum of antimicrobial activity as reported for RNase 7 could be the lack of several lysine residues required for membrane permeabilization of RNase 7 [25, 34] . Treatment of RNase 5 with DEPC and benzopurpurin, which both block the ribonucleolytic activity of RNase 5, led to a strong reduction of the candidacidal activity of RNase 5. This indicates that the enzymatic activity is a prerequisite for its capacity to kill C. albicans , although further studies using point-mutated variants of recombinant RNase 5 are required to verify this hypothesis [34] .
As mentioned above, a PCR-based gene expression analysis revealed expression of RNase 5 in primary keratinocytes [34] . As shown for RNase 7, expression of RNase 5 was also induced in differentiated keratinocytes. This suggests an expression of RNase 5 in the more differentiated outermost epidermal layers which has to be proven by immunohistochemistry. Nevertheless, it has been shown that RNase 5 can be detected at the surface of in vitro reconstructed epidermis indicating the capacity of human skin to express and secrete RNase 5 [53] . Cutaneous expression of RNase 5 may point towards a role in protecting skin against infection, although the functional relevance of RNase 5 in controlling microbial growth at the skin surface needs to be demonstrated.
Interaction with the Ribonuclease Inhibitor
It has been shown that the antimicrobial activity of RNase 5 and RNase 7 is inhibited when incubated with the ribonuclease inhibitor [34] . Although structural changes rather than a specific inhibition of ribonucleolytic activity of these RNases might be responsible for the decreased antimicrobial activity, the binding of the ribonuclease inhibitor could regulate antimicrobial activities of RNases in vivo. RNase 5 and RNase 7 are both present in the stratum corneum, whereas the ribonuclease inhibitor is absent in the stratum corneum but present in deeper epidermal layers. The reason might be that the stratum corneum contains proteolytic activity which is able to degrade the ribonuclease inhibitor [34] . This led to the hypothesis that degradation of the ribonuclease inhibitor in the stratum corneum abrogates the ribonuclease inhibitor-mediated inhibition of RNase 5 and RNase 7 leading to activation of the antimicrobial activity of these two RNases [34, 54] .
Conclusion
As discussed in this review, the existing data make it likely that RNases may play an important role in cutaneous defense. This hypothesis is supported by functional studies of RNase 7 using neutralizing antibodies as well as demonstration of an association of increased susceptibility to cutaneous S. aureus infections with lower RNase 7 expression. Clearly, further studies are needed to assess the role of antimicrobial RNases in the skin barrier. Uncovering the physiological function of the ribonucleolytic activity associated with antimicrobial RNases is a further important goal.
